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Abstract :Tilt and strain meters of the deformation -observation network in Huhei Province all responded to the 
Mw9. 0 Japan earthquake on March 11 ,2011. By analyzing the co-seismic responses, we found that firstly there 
was essentially a linear correlation between response time and epicentral distance. Secondly, there was some 
correlation between maximum response amplitude and earthquake magnitude as well as between the duration 
and earthquake magnitude. Thirdly, the response amplitudes and decay rates were different for different types 
of instruments. Due to less data-sampling frequency, the deformation instruments, could not display the first 
motion of P and S waves, but responded mainly to far-field surface waves. Before the earthquake, the NS 
earthtide component recorded by the cave stainmeter at Yichang was distorted for nearly eight hours. While 
digital deformation observation did not show complete information about the earthquake source , it still reflected 
some key features of seismic-wave propagation. 
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1 Introduction 
Research on co-seismic effects is one of the most direct 
means of studying the response of crustal medium to 
stress-strain changes [ 11 , and may help understand the 
dynamic characteristics of earthquakes and possible 
precursors , if any. In this paper, we present crustal-
deformation data recorded digitally every minute by tilt-
meters and strainmeters of Huhei Earthquake Precur-
sory Monitoring Network(HEPMN) caused by the 2011 
Mw9. 0 Japan earthquake. The earthquake faults ex-
tended NNE , and the surface rupture was complex hut 
showed a strong thrust mechanism according to result of 
GPS observation['] and lnSAR technique[']. 
2 Deformation data 
The HEPMN has 8 stations ( Fig. 1 and Tab. 1 ) : 
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Wuhan ( Jiufeng, Lion Mountain ) , Yichang, Ma-
cheng, Huangmei, Huangshi, Xiangfan, Shiyan, and 
Jiugongshan (experimental site) , covering the central, 
northwestern , and northeastern areas of Hubei province 
with strong earthquake background. There are 23 sets 
of crustal-deformation instruments, including DSQ wa-
ter tuhe tilemeter, VS ( VP) vertical pendulum tiltme-
ter, cave strainmeter, CZB-1 underground pendulum 
tiltmeter, and YRY 4 four-component borehole strain-
meter. We focused on the four stations which had re-
ceived excellent quality prize in the annual national 
competitions: Shiyan, Macheng, Yichang and Wuhan 
stations. These stations have good observing condi-
tions , stable operation, and high data quality, and are 
less affected by environmental factors. 
The Shiyan station is located in southern Qinling oro-
genic region and northern margin part of Wudang 
Moutain uplift. Its bedrock is Mesoproterozoic meta-
morphic schist of Wudang group. The Macheng station 
has a gneiss-monntain base , and is in a cave covered 
by lush vegetation 28 m thick. The Yichang station is 
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on a southwest-trending monoclinic structure in the 
Yangtze fold belt at the southeast edge of Huangling 
block. Its base is cretaceous bedrock. Figure 1 shows 
the distribution of the deformation-monitoring sites. 
Table 1 shows some infonnation about the instruments. 
2.1 Co-seismic crustal tilt and strain changes 
Station 
Shiyan 
Mach eng 
Yichang 
Wuhan 
Huangshi 
Xiangfan 
32.8•N 
3o.s•N 
28.8•N 
108.3"E ll0.3"E 
The observed co-seismic tilt changes associated with 
the Japan earthquake are shown in figure 2, and 
features of the co-seismic tilt and strain changes are 
ll2.3"E ll4.3•E ll6.3•E 
Figure 1 Distribution of defonnation-monitoring 
sites in Hubei Province 
Table 1 Crustal-deformation monitoring instruments 
Altitude 
(m) Lithological character of cave Item 
Type of 
instrwnent 
Quantity of 
station's 
instruments 
260 
115 
58 
58 
110 
28 
109 
Diabase 
Period of Dahie mixed granite 
CretaceoUB conglomerate 
under the EC Shek Mun 
Devonian Wutong quartz 
sandatone 
Devonian quartz sandstone 
layer of the Central Plains 
thick layer of siliceous 
limestone 
Department of thick Triassic 
limestone 
water tube tiltmeter DSQ 
cave stainmeter SS-Y 3 
gravimeter DZW 
water tube tiltmeter DSQ 
cave stainmeter SS-Y 
vertical pendulum titlmeter 
4 vs 
four-component borehole strainmeter YRY-4 
water tube tiltmeter DSQ 
cave stainmeter SS-Y 
vertical pendulum titlmeter vs 5 
four-component borehole strainmeter YRY-4 
gravimeter DZW 
borehole pendulum tiltmeter CZB-1 
2 
gravimeter DZW 
water tube tiltmeter DSQ 
cave stainmeter SS-Y 3 
vertical pendulum titlmeter vs 
water tube tiltmeter DSQ 
2 
cave stainmeter SS-Y 
four-component borehole s trainmeter YRY-4 
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Figure 2 Co-seismic tilt changes associated with the Japan earthquake 
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summarized in tables 2 and 3 , respectively. These dig-
ital instruments were obviously reliable and sensitive. 
tiltmeters and about 285 - 421 kmlminute for the 
strainmeters , as shown in figure 3. 
2. 2 Characteristics of co- and post-seismic changes 
( 2 ) By comparing the difference in P and S-wave 
arrival times between the deformation instruments and 
some chosen seismographs ( shown in Fig. 4 and Tab. 
4), we found: 
From tables 2 and 3 and figure 2, we found: 
( 1 ) The swface-wave arrival time was essentially 
linearly related with epicenter distance; there is also a 
correlation [ 4 l between the maximum amplitude and the 
earthquake maguitude as well as between the duration, 
and earthquake magnitude. In addition, the curves in 
figure 2 clearly show co-seismic waves and amall strain 
steps, all about 6 - 13 minutes after the earthquake. 
From known epicentral distances, we calculated a re-
sponse speed of about 417 - 468 km/ minute for the 
The first-motion directions were " + " at most 
stations , but were 11 - " for the seismograph at Wuhan 
and for the tiltmeter and strainmeter at Macheng. 
Table2 
Epicentral 
Observation item distance 
(km) 
NS component of Shiyan station . s 
water tube tiltrneter 2919 
EW component of Shiyan station ' s 2919 
water tube tiltmeter 
NS component of Macheng station ' s 2570 
water tube tiltmeter 
EW component of Macheng station ' s 2570 
water tube tiltrneter 
NS component of Macheng station ' s 2570 vertical pendulum titlmeter 
EW component of Macheng station ' s 2570 
vertical pendulum titlmeter 
NS component of Wuhan station ' s 2684 borehole pendulum titlmeter 
EW component of Wuhan station ' s 2684 borehole pendulum titlmeter 
Table3 
Epicentral 
Observation item distance 
(km) 
NS component of Shiyan station' s ex- 2919 lensometer 
EW component of Sbiyan station ' s 2919 
extensometer 
NS component of Macheng station ' s 2570 behole strainmeter 
EW component of Macheng station ' s 2570 behole strainmeter 
NS component of Yichang station ' s 2949 
extensometer 
EW component of Yichang station ' s 2949 
extensometer 
There was basically no difference in the arrival-time 
differences between the deformation instruments and 
seismographs, except Wuhan, which bad a time differ-
ence of less than one minute. This is due to the higher 
data-sampling rate (one per second) for the seiamograpb 
Tilts associated witb tbe Mw9. 0 Japan eartbquake 
Ani val Time Ending Lasting Maximum Minimum Amplitude 
time difference time time amplitude amplitude difference 
(dTh:m:s) (ntinute) ( dTh:m) (h:m) (10 "'') ( 10 "'') ( 10 "'") 
IITI3 :53 7 12102:52 13:00:00 540.51 -587.38 1127.89 
IITI3 :53 7 12102:56 13:04:00 222.71 -920.69 1143.4 
IITI3 :52 6 12102:47 13:55:00 853.06 -352.08 1205.14 
IIT13 :52 6 12102:49 13:57:00 517.08 -4S2. ss 999.63 
IITI3 :52 6 12105:46 15:54:00 26.08 -163.37 189.45 
IITI3 :52 6 12105:40 15:48:00 103.52 -106.69 210.21 
IITI3 :52 6 12105:30 15:38:00 116.88 -1727.62 1844. s 
IITI3 :52 6 12105:23 15:31:00 562.36 -370.35 932.71 
Straills ... ociated witb tbe Mw9. 0 Japan eartbquake 
Ani val Time Ending Lasting Maximum Minimum Amplitude 
time difference time time amplitude amplitude difference 
(dTh:m:s) (ntinute) (dTh:m) (h:m) (10" 3') (10"3') (10 -3') 
IITI3 :58 12 12102:31 12:35:00 -22372 -24301 1929 
IITI3 :58 12 12102:45 12:49 :00 459.1 -5017 5476.1 
IITI3 :54 8 12102:42 12 ,so :00 5446 -14138 19584 
IITI3 :54 8 12102:44 12:52:00 11038 -34536 45574 
IITI3 :53 7 12102:43 12:51 :00 1103 85 1018 
IITI3 :53 7 12102:42 12 :SO :00 6355 4083 2272 
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Figure 3 Co-seismic response of the deformation 
instruments to the Mw9. 0 Japan earthquake 
( a) ~acheng station 
( b ) Wuhan station 
( c) Shiyan station 
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Figure 4 P-wave arrival time at four seismic stations for the Mw9. 0 Japan earthquake[SJ 
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than the one-per-minute rate for the defonnation instru-
ments. The P-waves arrived in the order of: Macheng -
Wuhan - Shiyan - Yichang; the tiltmeter-recorded 
waves, in the order of: Macheng- Wuhan - Shiyan; 
the strainmeter-recorded waves, in the order of: 
Yichang - Macheng - Shiyan. The arrival time of 
strainmeter-recorded wave at Shiyan was dramatically 
different from that of the seismograph , possibly due to 
timer inconsistency. 
( 3 ) As shown in table 5 , the co-seismic wave 
arrived at Macheng the earliest; the largest tilt ampli-
tude was the NS component of 1844. 5 x 10 _, recor-
ded with the CZB-1 type underground pendulum tilt-
meter at Wuhan ; and the largest strain amplitude was 
the EW component of 45574 x 10 -IO recorded with the 
YRY 4 type four-component borehole strainmeter at 
Macheng. 
( 4 ) Tidal waves got distorted several minutes after 
the earthquake , they turned to sudden jumps before the 
final recovery; the high-frequency component decayed 
rapidly. No obvious anomalies appeared before the 
earthquake of HEPMN, except that the NS earthtide 
component recorded by the cave stainmeter at Yichang 
was distorted for nearly eight hours; the distortion was 
a sequence of trembling, step down, slow recovery, 
and earthquake occurrence , and its cause is to be fur-
ther investigated. While there are some anomalous var-
iation in ionospheric TEC occurred 6 days prior to the 
earthquake[']. 
( 5 ) The forms of decay of co-seismic waves were 
basically the same for different instruments at different 
stations, but the amplitudes and decay rates were dif-
ferent for different instruments. This is because , the 
tiltmeters responded to surface waves, while the strain-
meters were more sensitive to P waves. There were 
some differences even among similar types of instru-
ments. For example, the water-tube titlmeter had a fas-
ter decay speed than the vertical pendulum titlmeter. 
This is due to the difference in structure of the instru-
ments and the transmission media they used ; the 
medium in the vertical pendulum titlmeter is air, 
whereas that in the tube titlmeter is water, which can 
Table 4 Statistia of seismic-wave arrival-time differences between different stations 
Station 
Macheng 
Wuhan 
Shiyan 
Yichang 
Enshi 
Mudanjiang 
Guilin 
Hetian 
Type of 
Instuments 
strainmeter (10 _,.) 
tiltmeter 
(lo-'") 
P wave 
arrival 
time 
(h:m:s) 
13:51:30.9 
13:51 :39.4 
13:51:57.2 
13:52:01.5 
13:52:13.3 
13:49:08.4 
13:52:32.1 
13:55:06.2 
S wave 
arrival 
time 
(h:m:s) 
13:56:10.3 
13:57:01.9 
13:51:38.2 
13:57:32.2 
14:02:32.7 
P wave 
arrival 
time 
difference 
( ') 
309 
318 
336 
340 
352 
167 
371 
525 
S wave 
arrival 
time 
difference 
(s) 
589 
640 
317 
671 
971 
First Time 
motion/ difference 
azimuth of tiltmeter 
( 0) (s) 
+ 360 
-64.4 360 
+ 420 
+ 4'1JJ -480 
+64.49 
+ 121.4 
+56.8 
+68.02 
TableS Contrast of co-seismic response of deformation instruments 
instrument Amplitude oo-";10-' fl) 
YRY -4 components borehole strainmeter of Macheng station 45574 
SS-Y cave strainmeter of Shiyan station( linear) 5476.1 
SS-Y cave strainmeter of Yichang station( linear) 1645 
CZB-1 borehole tilbneter of Wuhan 1844.5 
Water tube tiltmeter of Shiyan 1135.65 
Water tube tiltmeter of Macheng 1102.39 
Time 
difference 
of strainmeter 
( s) 
480 
360 
600-7'1JJ 
360 -4'1JJ 
Ranking 
I 
2 
3 
I 
2 
3 
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he stimulated to produce non-linearly amplified water-
surface fluctuations in resonance with the seismic vi-
bration. However, this might have had a damping 
effect after the earthquake , and caused the faster de-
cay rate of the water-tube titlmeter than the vertical 
pendulum titlmeter. 
( 6) The recorded co- and post-seismic oscillations 
both died down within several hours to a few days. But 
some co-seismic step changes appeared at a few sta-
tions. For example, step increases were recorded by 
the vertical pendulum tilemeter at Macheng and by the 
NS component of CZB-1 borehole tiltmeter at Wuhan. 
3 Summary and Discussion 
Scientific earthquake prediction should he based on 
proper analysis of earthquake mechanism. It is easy to 
obtaining a large amount of data on earthquake-related 
changes of various parameters hut hard to explain their 
physical meaning or mechanism. Tills is the problem 
that we need to solve in order to guide the prediction 
research in a convincing way. 
Also due to less-frequent data sampling, it is still 
difficult for our instruments to record the arrival of P 
and S waves precisely; the recorded co-seismic waves 
have been maiuly far-field surface waves. Our digital 
data are not like seismic data, which can show more 
complete information about earthquake sources , they 
reflect only some key features of the seismic-wave 
spreading process. 
In the present study, we found the following features 
in our data : Firstly , there was essentially a linear cor-
relation between surface-wave ani.val time and epicen-
ter distance. Secondly, there existed some correlation 
between maximum response amplitude and earthquake 
magnitude as well as between the duration and earth-
quake magnitude. Thirdly, arrival time and amplitude 
were not the same for different types of instruments. 
The co-seismic oscillations and step changes recor-
ded by deformation instruments, are usually not ob-
served by using seismographs; they should he helpful 
in judging the risk situation after the occurrence of a 
large earthquake[']. Together with continuous GPS da-
ta [OJ , they should he used comprehensively in future 
earthquake-prediction studies. 
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